At present, in situ hybridization (ISH) is the only method for detection of specific genes in morphologically intact cells or tissue. We have developed a highly sensitive and quantitative fluorescence-based in situ hybridization (FISH) technique that can detect as few as one to five copies of the integrated human papillomavirus (HPV) type 16 genome in cervical cell lines, using digoxygenin tail-labeled oligonucleotides (Method 1). The entire procedure can be carried out in 4.5 hr through the elimination of some of the steps routinely used in other ISH protocols. We also compared the sensitivity of this new FISH method (Method 1) to four other 2); fluorescein-15-d-ATPlabeled oligonucleotides (Method 3); fluorescein 15-d-ATP labeled DNA probe (Method 4); and biotin-DNA-labeled probe (Method 5), for their ab& FISH techniques: digOXigenia-labeled DNA probe (Method Supported by grants from NIH (CA 51323 and Office of Research on Women's Health), ACS-FRA-383, the Gustavv and Louise Pfeiffer Research Foundation, and the Whitaker Foundation. Anatomy, U. of North Carolina, 232 liylor Hall, CB 7090, Chapel Hill, NC 27599.
Introduction
Non-radioactive in situ hybridization (ISH) methods are becoming extremely important tools in cell biology to detect target sequences at the single cell level (4, 7, 25) . ISH was originally developed more than 20 years ago by Pardue et al. (16) , using radioisotope-labeled probes. Although radioactive ISH is a highly sensitive technique, it has the disadvantages of long exposure times, lack of distinct localized signals, and problems of handling and disposal of radioactive material. Therefore, non-radioactive ISH methods have been developed, improved, and increasingly used over the past few years (8, 13) . In contrast to radioactive ISH, non-isotopic ISH is faster, allows more accurate localization of the signal, and has equivalent sensitivity (9, 15, 28) .
The most commonly used non-isotopic ISH methods are based on labeling probes with biotin or digoxigenin, or direct labeling with fluorochromes (e.g., fluorescein, rhodamine). The signal can be amplified in various ways and detected either via an enzyme substrate step or binding to a fluorochrome conjugated reporter molecule (3) (4) (5) 8, 20, 23, 26) . The advantage of the enzyme substrate detection system is that the intensity of the signal increases as a function of incubation time, making it more sensitive compared with other systems. However, since enzyme substrates are mostly non-fluorescent, quantitation of the signal is not possible. Recently, a novel fluorescent substrate for alkaline phosphatase (Fast Red) has been introduced and used in ISH for detection of DNA sequences (24).
The main goals of this study were to develop conditions for enzymatic Fast Red FISH and to compare its sensitivity to amplified fluorescence-based ISH using cervical cell lines as a model system. We have compared oligonucleotide vs full-length DNA probes as well as biotin vs digoxigenin vs direct labeled probes. The result of our studies was the development of a fast and sensitive FISH method that should have wide application in many fields of biology, parison of five HPV-16 digoxigenin tail-labeled oligonucleotides with manufacturer's standard probes. Estimation of labeling was carried out according to t h e Boehringer Mannheim recommended protocol. Appropriate dilutions of the standard (STD) and tailed oligonucleotides were blotted onto the membrane, incubated with alkaline phosphatase-labeled anti-digoxigenin antibody, washed. and incubated with NBT-X phosphate substrate for 30 min. A standard solution (2.5pmolelpl) wasdiluted 1:lO. 1:100. 1:1000. and 1:10,000. HPV-16oligonucleotides diluted identically to the standard were estimated to have a similar labeling efficiency as the standard (2.5 pmolelpl) . (B) Semiquantitalion of HPV-16 random-primed digoxigenin-labeled probe (large-scale reaction) by comparison to the manufacturer's standard (small-scale reaction). A standard solution of DNA (5 nglpl) was diluted 1.5, 150. 1:500. 15000. HPV-16 DNA was diluted 1:1000. 1:2000. 1:4000. 1:8OOO; the concentration of HFV DNA was estimated to be 80 ng/pl (HPV-16 dilution of 1:8000 has similar intensity as 1:500 dilution of STD). (C) Semiquantilation of random-primed biotin-labeled HW-16 probe (large-scale labeling reaction) compared with the standard (small-scale reaction). The semiquanlitalion protocol was similar to A and B. except that alkaline phosphatase-labeled avidin was used. The standard solution (200 pglpl) was diluted 1 5 . 130, 1 3 . 1:100. HPV-16 DNAwasdiluted 1:lOO. 1:W. 1:1000. 1:2ooo. 1:4000, and the concentration of labeled DNA was calculated to be approximarely 16 nglpl (HPV-16 dilution of 1:4000 has similar intensity as 150 dilution of STD).
Materials and Methods
Cell Culture. The human cervical carcinoma cell lines SiHa (6). . and C33-A (I) were grown in Eagle's minimal essential medium supplemented with esxntial amino acids and 10% fetal d f serum (FCS) (Gibco BRL; G-aithenburg, MD) . CaSki cells (I8)were grown in RPMI-1640 medium with 10% FCS (Gilxo BRL). CaSki cellscontain approximately 500 integrated copies of HPV-I6 in their genome. whereas SiHa cells have one to five copies of integrated HPV-I6 (l4,2l). C33-A and HT-3 cells are HPV-negative (27). All cells were washed with I x PBS followed by incubation with IO mlO.25% trypsin (Gibco BRL)at 37' C for 5 min. Cellswere then removed from the flask, washed with 1 x PBS and approximately 3 x IO3 cells were cytospun (Cytospin 2; Shandon. Pittsburgh, PA) onto 12-mm singlewell slides (Medical Packaging; Camarillo. CA), fixed in ethanollmethanol solution (3:l vlv) for 10 min. and stored at -2OC in a freezer. (Table I) were selected and synthesized according to the standard protocol. HPV-16 oligonucleotides were tail-labeled with digoxigenin-ll dUTP (dig-lI-dUTP). purified, and dig-dUTP incorporation quantified ( Figure IA) according to the manufacrurer's recommended protocols (Boehringer Mannheim; Indianapolis, IN) (Method I). In addition. the full-lengrh HPV-IG DNA insert (8. 0 KB) (a generous gift from Dr. M. Durst)was labeled with dig-dUTP by the random priming method. purified and quantirated ( Figure IB ). all according to Bochringer Mannheim recommended protocols (Method 2).
A few minutes before the FISH experiment, slides of cervical cell lines (CaSki, SiHa, C33-A, HT-3)were removed from the freezer and fixed with ethanollacetic acid (33 vlv) for 10 min. followed by a 5-min wash in 1 x SSC (I50 mM NaCI. 150 mM Na-citrate. pH 7.0). Fifty pI of hybridization solution containing 4 x SSC. 45% formamide (Fluka; Ronkonkoma. NY), 2 x Denhardt's (Sigma; St Louis. MO), 5% polyethylene glycol (Sigma). 100 pglml denatured salmon sperm DNA (Sigma), and -1 pmole of each of five oligonucleotides (D-oligo) were added to each slide and covered with a cmnlip (Method I). The concentration of digoxigenin-labeled full-lengrh DNA probe (D-DNA probe) (Method 2) was 500 nglml added under the same conditions. Denaturation of the targcr and probe was carried out simultaneously by placing slides on a heating block (Bwter; McGaw Park, 1L) (95.C. 7 min), followed by placing slides on ice and covcring the edges of the covenlips with rubber cement. Slides were then placed in an in situ incubator (Triangle Biomedical Sciences; Durham. NC) for 2 hr at 37'C (Method 1). Subsequently, the rubber cement was rem& and slida washed in 1 x SSC (40'C. 20 min). followcd by 0.1 x SSC(4O'C. 20 min). D-DNA probes were hybridized at 42% for 2 hr and washed at 50'C as described above (Method 2). Cellswere then blocked with a solution of 100 mM Tris-HCI, 150 mM NaCI. 2% normal sheep serum (Sigma). and 0.3% Triton X-100 (Sigma), pH 7.5, for 20 min. After removing the blocking solution. 100 pI of alkaline phosphatase-conjugated sheep anti-digoxignin antibody (Fab fragment) (Bochringer Mannheim). diluted 1:200 in the above blocking buffer. was placed on each slide and incubated in an in situ incubator (40 min). Slides were then washed sequentially in 100 mM Tris-HCI. 150 mM NaCl (Buffer 1, pH 8.0) (15 min); 100 mM Tris-HCI, 100 mM NaCI. 50 mM MgCIz (Buffer 11, pH 9.5) (15 min), and 100 mM Tris-HCI (pH 8.5) containing 1 mM levamisole (Sigma) (IO min). Slides were subsequently placed in alkaline phosphatase substrate solution (red substrare kit; Vector Laboratories. Burlingame. CA). containing 2.5% polyvinyl alcohol (PVA) (Sigma), prepared according to the manufacrurer's instructions. and incubared in the dark (15 min). After xveral washes in 1 x PBS, 15 pI of mounting medium containing Hoechst 33342 (Molecular Probes; Eugene. OR) was added. and cmrslips placed over cells and scaled with nail enamel. and Fluorrrcein-15-d-ATPlabeled DNA (Method 4). All mgents used were the same as those described in Methods 1 and 2; incubations were done at RT unless otherwise stated. Five HPV-16 oligonucleotides ( Table 1) were tail-labeled as described in Method 1, except that fluorescein-15-dATP was used instead of dig-dUTP (Method 3, F-oligo probes). Full-length HPV-16 insert was labeled with fluorescein-15-dATP by the random priming method (Method 4, F-DNA probe) and purified according to recommended protocols (Boehringer Mannheim). CaSki, SiHa, C33-A, and HT-3 cells were fixed with ethanol/acetic acid and washed with 1 x SSC as described previously. Approximately 1 pmol of each of the five oligonucleotide probes was added to 50 p1 of hybridization solution and denatured as previously described; the concentration of fluorescein-labeled full-length DNA probe was 500 ng/ml. Hybridization was carried out overnight at 42' in an in situ incubator (Method 4). The next day, slides were washed with 1 x SSC (50'C. 30 min) followed by 0.1 x SSC (SOT, 30 min). F-oligo probes (Method 3) were hybridized at 37'C for 2 hr and washed at 40'C as described above. Cells were then treated with blocking buffer, except that normal rabbit serum was used instead of normal sheep serum. Subsequently, slides were incubated with sheep anti-fluorescein antibody (Boehringer Mannheim) (1:200 dilution in blocking buffer) for 45 min. After washing with Buffers I and I1 (15 min each), cells were incubated with fluoresceinated anti-sheep antibody (Boehringer Mannheim) (150 dilution in blocking buffer) for 45 min and then washed with Buffers I and I1 (15 min each).
FISH Using
Steps after blocking were repeated once more, after which cells were covered with mounting medium and coverslips.
Biotin-Avidin-ampWid In Situ Hybridization (Method 5). All reagents were the same as previously described; incubations were carried out at RT unless otherwise indicated. Full-length HPV-16 insert was labeled with biotin-11-dUTP by the random priming method, purified, and the label incorporation quantified ( Figure IC) according to the manufacturer's recommended protocols (Gibco BRL). Four cervical cell lines were fixed with ethanoUacetic acid and washed with 1 x SSC as described previously. Fifty pl of the hybridization solution containing 500 ng/ml of the biotin-labeled probe was added to each slide and denatured as mentioned above. Hybridization was carried out at 42'C for 2 hr. After hybridization, slides were sequentially washed in 1 x SSC and 0.1 x SSC (50'c, 20 min each). Slides were then incubated with blocking buffer for 20 min (prepared with normal sheep serum). After removing the blocking buffer, cells were incubated with alkaline phosphatase-conjugated avidin-DS (Vector) (1:lOOO dilution in blocking buffer) for 30 min, followed by a 15-min wash in Buffer I. A 1:lOOO dilution of the biotinylated goat anti-avidin (Vector) was prepared in the blocking buffer and added to the slides for 30 min. After washing in Buffer I(15 min), slides were again incubated with alkaline phosphataseconjugated avidin-DS (1:lOOO dilution in blocking buffer) for 30 min. followed by another wash with Buffer I (15 min). Slides were then washed with 100 mM %is-HC1 (pH 8.5) containing 1 mM levamisole. Cells were subsequently placed in alkaline phosphatase substrate solution (red substrate kit, Vector) as described before (15 min dark), washed several times in 1 x PBS. and covered with mounting medium and coverslips.
Image Acquisition and Analysis. The automatic fluorescence image cytometer (AFIC) consisted of an inverted epifluorescence microscope (Axiovert 10; Zeiss, Thornwood, NY) with x 40 (Achrostigmat), 1.3 numerical aperture (NA) oil-immersion and a x 40 plan-Neofluar (0.75 NA, dry) objective lenses. Computer controlled X-Y stages and focusing system were installed and were used for repeated observation of cells, particularly when the specimen had to be repeatedly removed from the stage for re-staining (19.22 were used. Image acqu on was performed with the Omnichrome 9 imaging system (American Innovision; San Diego, CA), using a cooled, color, light-integrating charge-coupled device (CCD) camera as the detector. Im-ages of the FISH signals were obtained by accumulating (integrating) the fluorescent signal (Fast Red or fluorescein) on the faceplate of the CCD camera for time periods ranging from 0.033 (1 frame) to 33 sec (lo00 frames). The color camera-generated images were digitized (640 x 480 pixels) using color digitizing hardware and software. Images were background-subtracted and image analysis algorithms were used to quantlfy total FISH signal from all imaged nuclei. The image analysis algorithm first detected all cell nuclei from images of a DNA counterstain (12) by automatically calculating threshold intensities to segment the images into regions corresponding to nuclei and background. The algorithms detected virtually 100% of isolated nuclei (11). Regions classified as nuclei in each image were then used as a mask and mapped over the FISH images of the same microscopic scene, to quantify the corresponding fluorescent HPV signal from each nucleus.
Results
Conditions for all five FISH protocols were optimized to obtain the highest signal-to-noise ratio before comparisons of the different protocols were made. Optimization of conditions for FISH methods included effkient incorporation of the label into the DNA probes and identifying conditions that permitted specific annealing of the labeled DNA probe to the target DNA with minimal background and nonspecific probe binding. Initial conditions for optimization included published hybridization protocols of other investigators, manufacturer's recommended in situ protocols, and determination of initial hybridization and washing temperatures by calculating the melting temperatures of oligonucleotide probes. Our ultimate criteria regarding optimization were based on the presence of signal in cells known to be HPV-positive (CaSki and SiHa; Figures 2A-2C , 3A, 3B, and 4A) and lack of signal in two HPV-negative cell lines, C33-A ( Figures 2D, 3D , and 4C) and HT-3 cells (data not shown). Much of the optimization of in situ hybridization conditions is necessarily empirical in nature.
Probes were labeled under standard and optimized conditions as recommended by the manufacturers. The labeling efficiency and the approximate concentration of the labeled probes were determined by semiquantitative comparison with the labeled standard provided by manufacturers ( Figure 1 ). We also estimated the approximate number of labeled nucleotides present in each of the five different DNA probes. According to the Boehringer Mannheim Genius System user's guide, in a standard random priming reaction approximately one digoxigenin molecule is incorporated in every 23 nucleotides and the average size of a random primed labeled linear PBR328 (4970 BP) is in the range of 200-2000 BP, with the peak around 700 BP. The average length of an oligonucleotide tail is about 50 nucleotides using the dATFVdig-11-dUTP combination, of which about five are dig-11-dUTP (Boehringer Mannheim DNA tailing kit data sheet), resulting in approximately one digoxigenin-labeled nucleotide per every five nucleotides (the average size of HPV-16 oligonucleotide is about 25). In all of the methods, excess amounts of labeled probes were added to cells [ 5 pmols of tail-labeled oligonucleotides (855lnglml) and 500 nglml of random prime-labeled DNA probes]. It is important to note that the ultimate signal intensity obtained is a function of the total number of labeled nucleotides bound to the target DNA after final hybridization and their accessibility to the reporter molecules. Single-stranded oligonucleotide probes have an advantage over larger double-stranded DNA probes in that oligonucleotide probes can . FISH was carried out as described in Materials and Methods, except that cells were treated with 50 pglml RNAse A and 1700 Ulml RNAse T1 before the hybridization step. In the left column HPV-16 FISH signal was detected using the rhodamine filter set. In the right column the same areas were imaged using the Hoechst cube. The integration time for images in the left panels was 1.3 sec (40 frame integrations). Original magnification x 250. Bar = 20 pm. Numbers are the mean intensities (I: sample SD) measured from images of CaSki cell nuclei for the five methods (intensities = arbitrary units). The intensities measured from C-33A cell nuclei (HPV-negative) using the same methods represent the background. The intensities shown here include correction for the different integration times used when acquiring the images. n, numbers of nulcei measured for each methodlprobe combination.
diffuse and hybridize more efficiently. In addition, the label on the oligonucleotides is on the (unhybridized) tail, which may be more accessible to the reporter molecules (antibody).
Direct quantitative comparisons among the five different FISH protocols are difficult because each set of the techniques (Methods 1 and 2 vs Methods 3 and 4 vs Method 5 ) used employs unique steps that may not be comparable (e.g., enzymatic signal amplification vs direct labeling and antibody vs avidin detection systems) and uses different concentrations of the labeled DNA probes. However, qualitative comparisons could be made between Methods l and 2 (digoxigenin) and between Methods 3 and 4 (fluorescein), because they employ the same amplification schemes and differ only in whether the DNA probe was tail-labeled or labeled by random priming. Qualitative assessments of the differential sensitivities among all of the FISH protocols was based on whether each technique, after optimization, could detect HPV in SiHa cells under identical observation conditions (e.g., epifluorescence illumination intensity, objective magnification, and numerical aperture).
AFIC was assessed with fluorescent calibration beads and cervical cell lines containing known numbers of integrated HPV genome per nucleus. This assessment demonstrated that our AFIC had a linear response, was quantitatively accurate, and had the sensitivity to detect one to five HPV genomes per nucleus (22) . Because of the linearity of AFIC, we were able to collect images with different integration times, normalize the data, and subsequently compare them ( Table 2 ). Figure 2 shows the results of FISH Methods 1 and 2 on CaSki, SiHa, and C33-A cells, using either oligonucleotide tail-labeled digoxigenin probes (D-oligo, Method 1) (Figures 2A, C, and D) or digoxigenin-labeled HPV-16 full-length DNA labeled by random priming (D-DNA, Method 2) ( Figure 2B) . The right-hand column in shows the same nuclei as in the left-hand column but stained with Hoechst to illustrate all the nuclei and demonstrate the nuclear localization of HPV signals. To compare the intensity of signals generated as a result of enzyme-substrate reactions in the various methods, the incubation time with the alkaline phosphatase substrate was kept constant for all cell lines (15 min). Figures 2A and 2C demonstrate that the signals generated by D-oligo probes (Method 1) are more intense and diffuse compared with those of D-DNA probes (Method 2), which appear more punctate (compare Figures 2A and 2B ). The differences in the staining pattern and intensity observed with Method 1 vs Method 2 can be explained as follows. FISH Methods 1 and 2 use enzymatic amplification for detection of HPV DNA. In any enzyme-substratebased assay, substrate diffusion is a common phenomenon. To reduce substrate diffusion, we added 2.5% polyvinylalcohol (PVA) to the Fast Red substrate and employed a limited substrate incubation time (15 min). However, the number of sites available for enzymatic amplification (i.e., the number of digoxigenin-or biotinlabeled nucleotides) and their spatial distribution in the nucleus also dictate the extent of substrate dfision. Under the conditions we employed, random priming-based methods (Method 2, Figure  2B and Method 5 , Figure 4A ) showed less substrate diffusion than the tail labelingbased method (Method 1, Figure 2A ) when enzymatic amplification was used. We believe this is due to differences in substrate diffusion caused primarily by the better accessibility of the incorporated dig-dUTP in oligonucleotide probes to the reporter molecules (antibodies), as well as to better penetration and faster hybridization of tail-labeled oligonucleotide probes compared with longer random-primed probes. This translates into more sites available for alkaline phosphatase and a more diffuse signal. More localized signal can be obtained by reducing the incubation time of the alkaline phosphatase substrate, the number of oligonucleotide probes, or by increasing the percentage of PVA when tail-labeled oligonucleotides are used (data not shown). In addition, elimination of PVA in Methods 2 and 5 results in a less intense but more diffuse signal in CaSki cells (data not shown).
Overnight hybridization of both probes (D-oligo and D-DNA, Methods 1 and 2) resulted in a higher amount of nonspecific background when slides were washed under the same stringency as used routinely for Methods 1 and 2 (data not shown). However, since 2-hr hybridization protocols provided satisfactory signals, longer hybridization and more stringent washing conditions were not pursued. Labeling of the full-length DNA insert with digoxigenin using nick-translation (Boehringer Mannheim) resulted in a lower signal in CaSki cells compared with the D-DNA probe (data not shown). Method 1 enabled us to detect as few as one to five copies of HPV-16 in 100% of SiHa cells ( Figure 2C ) compared with 60% for Method 2 (data not shown) (22) . Lack of signal in C33-A and HT-3 cells (data not shown) with the D-oligo ( Figure 2D ) and the D-DNA probes (data not shown) demonstrates the specificity of the probe labeling. To further demonstrate the specificity of the observed signals, we treated cells with DNAse-free RNAse A and T1 ( Figure  5 ). The signal intensity remained similar to signal intensities found without RNAse treatment (compare Figure 2A with 5B and Figure  2B with SA, indicating the detection of HPV DNA and not RNA by both oligonucleotide and random-primed probes. From this experiment, we concluded that oligonucleotide probes in our hands are superior and generate higher signal in the same cells than do full-length DNA probes (see Figures 2 and 5) . Figure 3 shows images taken from CaSki, SiHa, and C33-A cells after FISH with Methods 3 and 4. No signal was detected in CaSki cells when amplification steps were eliminated in Methods 3 and 4 or when the hybridization time was reduced to 2 hr in Method 4 (data not shown). In addition, no signal was detected in SiHa cells with either fluorescein-labeled HPV-16 oligonucleotides (Foligo, Method 3) ( Figure 3C ) or fluorescein-labeled full-length HPV-16 DNA (F-DNA, Method 4) (data not shown). Figure 3D shows the lack of signal in C33-A cells when FDNA was used as a probe. We also quantitated the amount of nuclear vs cytoplasmic fluorescence obtained with fluorescein-labeled DNA probes (Figure 3B) . The majority (>90%) of the signal generated by HPV-16 tail-labeled oligonucleotides (Method 3) was concentrated in the nuclei of CaSki cells. The presence of a small amount of non-HPVrelated signal in Figure 3B (which can also be seen to some extent in Figures 3A, 3C , and 3D) may be due either to background caused by multiple fluorescence amplification steps or to autofluorescence of the cell components. In addition, the images in Figure 3 were obtained by integrating 250 frames, whereas the other figures were obtained by integrating 50 frames on the CCD camera. Longer integration times can also lead to higher background. However, the intensity of this background signal is significantly lower than HPVrelated signals seen in Figure 3A and 3B the lack of an HPV signal in C33-A ( Figure 3D ), and HT-3 cells (data not shown) demonstrates the specificity of our labeling technique. The diffuse signal seen in Figure 3B is very likely due to a network of fluorescein molecules generated after multiple amplification steps (Method 3). Figure 4 demonstrates the results of FISH using Method 5 in CaSki, SiHa, and C33-A cells. The intensity and type of signal in CaSki cells after amplification ( Figure 4A ) are similar to those in Figure 2B ) (Method 2, D-DNA probe). Since there is no amplification involved in Method 2 and both probes are labeled by the random-priming technique, we concluded that Method 5 is less sensitive than Method 2. This conclusion was confirmed by quantitation studies ( Table 2 ). However, the sensitivity differences between Methods 2 and 5 are most likely due to methodology rather than to digoxigenin or biotin. With Method 5 , no signal was detected in SiHa cells ( Figure 4B) , and eliminating the amplification steps also decreased the observed signal in Caski cells (data not shown). Table 2 shows a quantitative comparison of the signal intensities in different FISH methods, using the data obtained from CaSKi and C33-A cells. The use of oligonucleotides was consistently associated with higher signal compared with the full-length probes, suggesting superiority of the oligonucleotide probes.
Discussion
In the present study, we have compared the sensitivity of five different FISH methods using cervical cell lines containing different numbers of integrated HPV-16 genomes. We have developed a fast, sensitive, and quantitative FISH method (Method 1) that can detect as few as one to five copies of the target genome in morphologically intact cells. To the best of our knowledge, this is the first report on the detection of one to five copies of HPV-16 in 100% of SiHa cells (interphase) by FISH. In the course of this study we also compared oligonucleotide probes vs long DNA probes, as well as digoxigenin-vs biotin-labeled probes. We have used AFIC to acquire and subsequently quantify signal at the single-cell level. Although AFIC enhances the sensitivity of the detection process (which could potentially be further enhanced by confocal microscopy) (lo), in most cases the combination of the FISH methods described here and an epifluorescence microscope will enable investigators to obtain sufficient information if quantitation of the signal is not desired.
In addition to labeling probes with digoxigenin and biotin, incorporation of fluorochrome-conjugated nucleotides into probes has become more popular. The advantage of digoxigenin and biotin over fluorochrome-labeled probes (e.g., fluorescein, rhodamine) is that both enzymatic and non-enzymatic procedures can be applied to visualize digoxigenin and biotin, whereas only non-enzymatic detection can be used for fluorochrome-labeled probes. However, the sensitivity of FISH methods utilizing fluorochrome-labeled probes can be enhanced by amplification steps. Because enzymatic detection systems are known to be more sensitive than nonenzymatic systems without amplification, we added amplification steps to Methods 3 and 4 and optimized the conditions for all protocols (maximal signal from HPV-containing cells with no background labeling in non-HPV-containing cells) to achieve the highest level of sensitivity for each method before comparing them. Amplification steps were also used in Method 5 because the nonamplified protocol in this case resulted in a much lower signal (data not shown). Although amplification steps can be employed to enhance the signal generated by digoxigenin-labeled probes (8). we did not apply them in this study because the oligonucleotide probes showed sufficient sensitivity without amplification. In this investigation, we used a fluorescent substrate for alkaline phosphatase (Vector red substrate) for the following reasons: the quantity of its reaction product in the cell nuclei could be controlled by the incubation time; it is visible under both brightfield and fluorescence illumination; it does not photobleach significantly; the signal remains stable for several months; and its fluorescent intensity is directly proportional to the HPV copy number per cell (22) .
The specificity of our FISH methods are demonstrated by: (a) presence of nuclear signal in HPV-positive cell lines (Figures ZA-ZC, 3A, 3B, and 4A) and lack of signal under the same conditions in HPV-negative cell lines C33-A (Figures 2D, 3D, and 4C ) and the HT-3 cell line (data not shown); (b) the presence of nuclear signal in CaSki cells after RNAse A and T1 ( Figures SA and 5B ) treatment with signal intensities similar to those of untreated cells ( Figures 2B and 2A respectively) ; (c) the absence of signal in CaSki cells after DNAse treatment with Methods 1 and 2 (data not shown); and (d) the absence of signal in CaSki cells (Method 2) when HPV-11 was used as probe (data not shown).
Overall, our data indicate that Method 1, using oligonucleotide tail-labeled probes, had the highest sensitivity compared with the other methods. This claim is supported by the quantitative data shown in Table 2 . In addition, this was the only method capable of detecting HPV-16 in all SiHa cells ( Figure 2C ). This is probably due to the fact that oligonucleotide probes can hybridize more efficiently than full-length probes. The presence of multifocal domains in some SiHa cells is primarily due to enzyme-substrate diffusion (as discussed previously) and possibly to the presence of more than one copy of HPV-16 per SiHa cell. The literature contains references indicating HPV copy numbers in SiHa cells of approximately 1-10 (27), 1-5 (21) , or 1-2 (14) . Our findings clearly demonstrate that tail-labeled oligonucleotide probes enhance the sensitivity of FISH methods (compare Figures 2A and 2B and Figures 3A and  3B) . By selecting unique oligonucleotide sequences, it would be feasible to specifically detect different strains of bacteria or viruses in a single target cells. In our hands, reducing the number of oligonucleotide sequences from five resulted in less signal; no signal was detected in Caski cells when only one HPV-16 oligonucleotide sequence was used with Method 1 (data not shown). As shown in Figure 2A , diffuse signal is generated by oligonucleotide probes after exposure to alkaline phosphatase substrate for 15 min. However, more localized signal could be obtained by reducing the incubation time of the alkaline phosphatase substrate, the number of oligonucleotide probes, or by increasing the percentage of polyvinyl alcohol (PVA). Another advantage of our technique is that we were able to eliminate the use of proteinase K in our FISH protocols without compromising the sensitivity. This may be due to the fact that cervical cell lines have a high nucleus-to-cytoplasm ratio, and probes can therefore easily penetrate the cytoplasm and reach the target in the nuclei. However, the major advantage may be that elimination of proteinase K treatment allows preservation of protein structure, allowing FISH and immunocytochemistry to be performed in the same cell. In addition, we found that under the conditions presented in this report, eliminating steps such as pre-hybridization, 0.2 N HCI incubation, and blocking with triethanolamine/acetic anhydride did not reduce the signal or increase the background.
Digoxigenin-and biotin-labeled probes in combination with ISH have been used extensively by various investigators (2, 7, 8) . Differences in available methodology for detecting these two molecules have led researchers to prefer one label over the other. However, more investigators report higher background with biotin-than with digoxigenin-labeled probes. In our hands, digoxigenin-and biotin-labeled probes generated similar signals in Cask cells ( Figures  2B and 4A ; Table 2 ). Tail-labeling HPV-16 oligonucleotides with biotin and applying them in Method 5 was not possible because no biotin tail-labeling kit is commercially available, and the use of a digoxigenin labeling kit for biotin may not optimally label oligonucleotides with biotin-1 1 -d u n .
A fast and reliable FISH method that can detect a single copy level of specific genes without PCR amplification has several applications in cell biology and pathology. Recently, Patterson et al. (17) have reported the detection of single-copy HIV-1 DNA in infected cells by a PCR-in situ method. Although we have not tried our FISH on lymphocytes to detect HIV DNA, it seems feasible to detect HIV or any other target DNA sequences of at least 8.0 KB in cells using the methods presented here or perhaps with modified versions of them. In addition, the methods we describe could be utilized for detection of oncogene amplifications, amplification of specific genes as a result of drug resistance, bacterial, parasite, and various viral sequences in infected cells.
In summary, we have developed a fast, reliable, quantitative FISH method that can detect as little as one copy of HPV-16 DNA in cervical cell lines and has the potential to detect other DNA sequences in a variety of cells.
